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Abstract
Technological advances coupled with the economic importance of
soybean have led to increased efforts to understand gene function and
associate genes with phenotypes of agronomic and fundamental interest.
Functional genomics approaches aim to develop sufﬁcient understanding
needed to bridge the genotype-to-phenotype gap. In general terms,
functional genomics approaches begin by using highly parallelized
methods to analyze genomes, transcriptomes, proteomes, and metabo-
lomes to generate hypotheses about genes that control phenotypes.
Candidate genes are then tested for their contributions to phenotypes
through various methods such as RNA silencing, genetic mutation, or
overexpression. In this chapter, we review the current approaches, tools,
and resources that are being applied for functional genomics research in
soybean.
10.1 Introduction
The current assembly of the Williams 82 soybean
reference genome (Wm82.a2.v1) contains 56,044
protein-coding loci and 88,647 mRNA tran-
scripts (Schmutz et al. 2010); http://phytozome.
jgi.doe.gov/pz/portal.html#!info?alias=Org_Gmax).
In addition, hundreds of loci encoding regulatory
non-coding RNAs, including microRNAs
(miRNAs) and phased small interfering RNAs
(phasiRNAs), are present in the soybean genome
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(Arikit et al. 2014). Genome sequences of hun-
dreds of accessions of Glycine max and allied
species are available, which is expected to
identify potentially useful genes that are not
present in the reference genome (Kim et al.
2010a, b; Lam et al. 2010; Li et al. 2013, 2014b;
Chung et al. 2014; Zhou et al. 2015). A major
challenge facing soybean researchers is deter-
mining the functions of protein-coding and
non-coding genes and understanding their con-
tributions to phenotypes that are of agronomic
importance and fundamental interest.
Functional genomics is an approach that seeks
to bridge the gap between genotype and pheno-
type by assigning functions to genes based on a
variety of experimental evidence that builds upon
the availability of the genome sequence. Func-
tional genomics encompasses many types of
experiments and datasets that include highly
parallelized analyses of gene expression at the
mRNA (transcriptome) and protein (proteome)
levels, or accumulation of small RNA species
[microRNAs (miRNAs) and short-interfering
RNAs (siRNAs)], and metabolites (metabo-
lome). Such analyses seek to correlate genes with
traits/phenotypes. However, they typically can-
not establish causality, which requires altering
the function of the gene(s) of interest. Therefore,
perturbing the function of candidate genes is
another main component of functional genomics
studies.
In this chapter, we highlight recent studies and
current approaches for soybean functional geno-
mics encompassing genomics, transcriptomics,
and gene knockout and knockdown strategies.
We focus on recent developments related to
tools, resources, and approaches, and we discuss
how these may be used to investigate genes
underlying phenotypes of interest. For recent
in-depth reviews on functional genomics applied
to speciﬁc topics such as root hair cells and
interactions with the environment (abiotic and
biotic factors), we refer readers to other reviews
(Tran and Mochida 2010; Hossain et al. 2015;
Liu et al. 2015; Whitham et al. 2016b).
10.2 Genome-Based Resources
for Soybean Improvement
The completion of the G. max soybean genome
in 2009 (Schmutz et al. 2010) helped facilitate
the integration of vast amounts of genetic, phe-
notypic, and genomics data. Websites such as
SoyBase (Cannon et al. 2012), SoyKB (Joshi
et al. 2012), and Phytozome (Goodstein et al.
2011) allow users to access data by sequence,
gene names, markers and traits of interest,
expression patterns, or homology to known
genes in other species. For a full description of
these databases, we refer readers to the corre-
sponding publications and websites.
Initially, the reference genome was used to
target relatively simple traits controlled by single
dominant genes or major quantitative trait loci
(QTL). Gene silencing or mutagenesis would
yield easily measurable phenotypic differences.
For example, functional genomics approaches
were used to target candidate genes for resistance
(Meyer et al. 2009; Pandey et al. 2011; Liu et al.
2012; Cook et al. 2014), abiotic stress tolerance
(Atwood et al. 2014), silencing (Curtin et al.
2011), or chlorophyll content (Zhang et al.
2009). The reference genome was also used to
develop a comparative genome hybridization
(CGH) array for soybean that could be used to
identify structural variants within (Haun et al.
2011) and between soybean accessions (McHale
et al. 2012; Anderson et al. 2014). Interestingly,
structural variants between accessions of soybean
were often associated with biotic stress response
genes.
The soybean reference genome, combinedwith
the cost-effectiveness of high-throughput
sequencing, accelerated the use of genome-wide
mRNA transcriptome sequencing (RNA-Seq)
analyses. Transcriptome studies provide powerful
datasets for functional genomics studies, particu-
larly in combination with whole genome
re-sequencing and methylome sequencing.
Depending on the type of sequencing platform
used, RNA-Seq data can provide information
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ranging from the basic gene sequence, alternative
splice variants, gene expression proﬁles, and
polymorphic sites that can be used to develop
simple sequence repeat (SSR) and single nucleo-
tide polymorphism (SNP) markers. RNA-Seq
technology can facilitate both forward and
reverse genetic screens, as candidate genes
underlying a phenotype of interest can be uncov-
ered and/or the impact of a speciﬁc sequence
mutation on gene expression proﬁles can be
examined.
Transcripts can be mapped to an existing
reference genome or used to develop a de novo
transcriptome assembly. Though there are a wide
variety of alignment programs available, the
TopHat (Trapnell et al. 2009) program has pro-
ven particularly useful in aligning RNA-Seq
reads to complex genomes while accounting for
splice junctions. These programs count the
number of reads from each sample or replicate
that align to each predicted gene. Counts can
then be utilized by programs including Cufflinks
(Trapnell et al. 2012), EdgeR (Robinson et al.
2010; McCarthy et al. 2012), and DESeq
(Anders and Huber 2010) to identify suites of
differentially expressed genes between samples.
Severin et al. (2010) and Libault et al. (2010)
developed gene atlases providing soybean gene
expression measurements in different tissues. The
Severin et al. (2010) atlas focuses largely on
aboveground plant tissues including leaves,
flowers, pods, and seven stages of seed devel-
opment as well as roots and nodules. The Libault
et al. (2010) atlas focuses largely on below-
ground tissues including root hair cells, root tips,
roots, mature nodules, and it includes above-
ground tissues—leaves, shoot apical meristems,
flowers, and green pods. Arikit et al. (2014)
generated an atlas of small RNAs developed
from 69 libraries representing vegetative and
reproductive tissues. These studies paved the
way for soybean researchers studying gene
expression changes in response to abiotic stress
(Peiffer et al. 2012; Atwood et al. 2014; Moran
Lauter et al. 2014), biotic stress (Kim et al. 2011;
Tremblay et al. 2013; Lin et al. 2014; Wong et al.
2014), and throughout soybean development
(Zabala et al. 2012; Cho et al. 2013; Jones and
Vodkin 2013; Kour et al. 2014).
For many non-model species, RNA-Seq
technologies have facilitated the development
of a de novo transcriptome sequence prior to, or
instead of, the genome sequence. This is a par-
ticularly attractive approach for outcrossing
species such as alfalfa (Yang et al. 2011;
O’Rourke et al. 2015), or those with large,
complicated genomes such as lentil, pigeon pea,
chickpea, and lupine (Dubey et al. 2011; Kaur
et al. 2011; O’Rourke et al. 2013a; Kudapa et al.
2014). For soybean, which has a high-quality
genome sequence, the utilization of RNA-Seq
reads to develop de novo transcriptomes may
seem counterintuitive. However, reference gen-
omes have limitations. Genes may not be present
in the genotype used as the reference, but may
confer important traits of interest. Developing de
novo assemblies for a species with a reference
genome sequence can be done by either aligning
all reads from the RNA-Seq experiment to each
other, developing a new transcriptome, or by
mapping the reads to the reference genome then
using unaligned reads to assemble novel tran-
scripts not present in the reference. Most de novo
assembly programs including Velvet/Oases,
Trinity, and SOAPdenovo (Zerbino and Birney
2008; Grabherr et al. 2011; Luo et al. 2012;
Schulz et al. 2012) utilize de Brujin graphs to
scaffold sequence reads and re-constitute tran-
script sequences. This usually results in far more
sequences than are reasonably expected. Pro-
grams to collapse redundant transcripts include
CD-Hit (Fu et al. 2012) and CAP3 (Huang and
Madan 1999); however, they often result in the
loss of alternative splice variants. It is important
to ensure a de novo transcriptome accurately
reflects the biological reality. The N50 statistic is
used to judge the quality of an assembly; the
higher the N50, the better the assembly. Pro-
grams like DETONATE can assist in determin-
ing the best de novo assembly program,
optimizing parameters, and determining
sequencing support for an assembled contig (Li
et al. 2014a). To determine the completeness or
coverage of the transcriptome, Gongora-Castillo
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and Buell (2013) have proposed the following
three parameters: the proportion of assembled
reads, the saturation of improvements in N50
contig size, and the number of contigs that can be
annotated. These analyses help ensure that data
generated by using the assembly is biologically
sound and informative.
The regulation of gene expression is complex,
and it includes regulating transcription factor
expression, DNA methylation, and histone
modiﬁcations. While functional genomics tools
traditionally focus on correlating DNA sequences
and phenotypes, methylation patterns also play
an important role in phenotypic expression.
Methylation patterns are one facet of the rapidly
expanding ﬁeld of epigenetics. Broadly, epige-
netics is deﬁned as the study of heritable phe-
notypic changes not due to changes in the DNA
sequence. Thus, epialleles are alleles with the
same DNA sequence, but different methylation
patterns. There are three types of epialleles:
obligate, the methylation pattern is completely
dependent on a DNA sequence variant; pure, the
epiallele is maintained independent of the DNA
sequence; and facilitated, the genetic variant can
influence the genetic state, but not as reliably as
the obligate epialleles (Schmitz 2014). Much like
identiﬁcation of suites of genes differentially
expressed in plants exposed to different condi-
tions, researchers can also identify differentially
methylated regions (DMRs), which are heritable
over multiple generations. Methylation is usually
highest in heterochromatic regions composed of
tandem or inverted repeats and transposons
(Song et al. 2013)
Methylation patterns have been investigated in
soybean since 1994 when researchers performed
Southern blots using hypomethylated genomic
DNA as probes to investigate the genomic struc-
ture andmethylation patterns of duplicated regions
of the soybean genome (Zhu et al. 1994). In 1999,
researchers were able to systematically map the
centromeric regions of soybean by comparing the
mapping proﬁles of two ampliﬁed fragment length
polymorphism (AFLP)markers targeting genomic
regions with dissimilar methylation properties
(methylation insensitive vs. methylation sensitive)
and combining this with known genomic
properties (Young et al. 1999). The methylation
patterns between the annual wild soybean (Gly-
cine soja) lines and cultivated soybean (G. max)
lines were identiﬁed using methylation-sensitive
polymorphism (MASP) analysis (Zhong et al.
2009). Both methylation polymorphism types
were more frequently observed in G. max than in
G. soja, suggesting methylation polymorphisms
have been selected during domestication (Zhong
et al. 2009). An AFLP analysis of the same plants
revealed no correlation between genetic and
methylation polymorphisms, suggesting these two
polymorphisms were generated and/or maintained
by separate and independent mechanisms (Zhong
et al. 2009).
More recently, the genomes, methylomes, and
transcriptomes of 83 recombinant inbred lines
(RILs) and their parents were sequenced to
determine how epialleles impact phenotypic
variation (Schmitz et al. 2013). This study found
that recently duplicated genomic features were
more highly methylated than those arising from
earlier duplications. Speciﬁcally, analyzing pairs
of paralogs revealed that while CG methylation
was similar for both pairs, CHG and CHH
methylation (where H represents A, C, or T) was
statistically enriched in one paralog compared to
the other. This corresponds to the differential
expression patterns measured between the par-
alog pairs. Since CHG and CHH methylation are
a result of RNA-directed DNA methylation
(RdDM), these results suggest this pathway is
highly active in the soybean genome. The
authors proposed these methylation patterns and
subsequent impacts on gene expression are a
mechanism utilized by the plant to regulate gene
expression through the gene loss or subfunc-
tionalization processes (Schmitz et al. 2013). In a
separate study, DNA methylation patterns were
identiﬁed and compared between roots, stems,
leaves, and cotyledons of developing seeds.
Between these tissue types, 2162 DMRs (each
unique to a single tissue type) were identiﬁed
(Song et al. 2013). As expected, hypomethylated
regions signiﬁcantly correlated with increased
expression of flanking genes, though there was
no correlation with downregulation of gene
expression near hypermethylated DMRs.
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Additionally, the results from this study suggest
high CHG and CHH methylation within a soy-
bean gene may induce gene silencing (Song et al.
2013).
Methylation also plays an important role in
phenotypic traits. Speciﬁc seed coat variations
are a result of increased methylation of a trans-
poson, which inhibits the binding of a trans-
posase, thus facilitating mRNA processing and
subsequent anthocyanin biosynthesis (Zabala and
Vodkin 2014). RhgI, which mediates soybean
cyst nematode (SCN) resistance, has 8 DMRs
between SCN susceptible (containing a single
RhgI locus repeat) and SCN resistant lines.
Interestingly, hypermethylated regions exhibit
increased transcript abundance, though expres-
sion may be even higher if methylation is
reduced. Methylation of RhgI adds to the com-
plexity of phenotypic control and was likely
important in RhgI evolution (Cook et al. 2014).
Song et al. (2012) identiﬁed ten transcription
factors whose expression is methylation depen-
dent and are induced by salinity stress, conﬁrm-
ing the critical role of methylation in soybean
salinity stress tolerance.
10.3 Forward Genetic Resources
for Soybean Improvement
Forward genetics studies, identifying a mutant
phenotype then uncovering the genetic sequence
causing the phenotype of interest, have been
widely adopted in soybean. There are many ways
to perturb the functions of plant genes, and
mutant populations have been developed through
the use of random mutagens including chemicals,
radiation, or DNA elements such as transposons
and Agrobacterium T-DNA. Random mutagen-
esis is heritable and stable, but it requires inten-
sive screening to identify mutant phenotypes.
Following identiﬁcation of a mutant of interest,
the responsible mutation must be ﬁne mapped
before it can be cloned and sequenced. Alterna-
tively, mutagenized populations can be indexed
and characterized by PCR-based sequencing
methods. Individual mutants carrying mutations
in the genes of interest can be tested for altered
phenotypes. These approaches essentially gen-
erate random mutant populations, and then
methods are required to de-convolute the muta-
tions in order to identify those that are of interest.
Once the population is indexed, it becomes
extremely valuable in functional genomics
applications. Prime examples of this are Ara-
bidopsis thaliana T-DNA lines (Alonso et al.
2003). Alternatively, methods may be developed
to enable rapid identiﬁcation of mutations of
interest from populations like targeting induced
local lesions in genomes (TILLING) (Cooper
et al. 2008).
Soybean has undergone several genetic bot-
tlenecks resulting in low genetic diversity, par-
ticularly among elite cultivars (Hyten et al.
2006). While a number of spontaneous mutation
events have been identiﬁed and characterized in
soybean, induced mutagenesis provides a mech-
anism to increase heritable diversity at a faster
rate than seen in nature. Unlike transgenic plants,
there are no regulatory restrictions on the han-
dling and transfer of mutant plants, making these
ideal to incorporate into breeding programs.
Additionally, while transgenic approaches result
in few transgenic plants, each mutagenesis event
results in a large number of independent mutants.
Despite these advantages, mutagenesis does have
limitations: Different genotypes are more tract-
able to mutagenesis than others and even among
mutable genotypes, environmental effects can
severely impact phenotypes between replicate
experiments. Recent years have seen the devel-
opment and utilization of multiple soybean
mutant populations, each with their own advan-
tages, which can be utilized in both forward and
reverse genetic studies. In this section, we will
present each population type and explore its
utility as a functional genomics tool. As soybean
is prized for its seeds, it is no surprise that the
majority of the studies involving mutant popu-
lations focus on altered seed compositions.
10.3.1 Ionizing Radiation
Ionizing radiation includes X-rays, fast neutrons,
and gamma rays. In soybean, mutant populations
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developed from X-ray and fast neutron radiation
are publicly available. Until recently, ionizing
radiation was believed to only induce large dele-
tions. Through the adaptation of high-throughput
genomics tools including CGH arrays and
high-throughput genomic re-sequencing,
researchers have determined ionizing radiation
induces deletions, duplications, inversions, and
translocations of all sizes (Bolon et al. 2011;
Belﬁeld et al. 2012; O’Rourke et al. 2013b).
Ionizing radiation has been used to develop soy-
beans with increased yield, earlier flowering
times, increased germination rates, decreased
dehiscence, increased biotic and abiotic stress
resistance, decreased anti-nutritional components,
and altered protein and oil compositions.
X-ray mutagenesis was used to develop the
earliest mutant populations. In 1955, L.F. Wil-
liams identiﬁed L67-3483, a tan saddle seed coat
mutant, from X-ray irradiated Clark (Rode and
Bernard 1975). The locus underlying this trait
was subsequently mapped by Kato and Palmer
(2003) to the top of molecular linkage group D1b
+W (chromosome 2). Additional X-ray irradia-
tion populations have been produced at Saga
University in Japan resulting in soybean lines
with high oleic acid, high linolenic acid, and high
stearic acid (Takagi et al. 1989; Rahman et al.
1994, 1995). Similar to William’s research, these
early studies provided excellent material for
breeding programs, but underlying sequences and
genes were not identiﬁed. More recently, Anai
et al. (2012) have used X-ray irradiated plants to
identify two high palmitic acid mutants. Sequence
analysis conﬁrmed the mutation of GmKASIIA
and GmKASIIB in two mutants. However,
sequence analysis of a third mutant, with a similar
phenotype, showed that it was wild type for both
GmKASII, suggesting additional genes are
involved in regulating the palmitic acid content of
soybean seeds. X-ray mutagenesis was also
employed at the University of Missouri where a
forward genetic screen of X-ray mutants identi-
ﬁed three mutant lines with increased stearic acid
(Gillman et al. 2014). Further genetic analyses,
including a reverse genetic screen of an ethyl-
methane sulfonate (EMS) mutant population,
determined the phenotype resulted from muta-
tions in SACPD-C (Gillman et al. 2014).
Mutants resulting from gamma irradiation
have proven particularly useful in developing
plants with improved nutritional quality includ-
ing reduced phytate levels, Kunitz trypsin inhi-
bitor activity, and lipoxygenase-free seeds (Kim
et al. 2010a; Lee et al. 2011, 2014; Yuan et al.
2012). These mutants are easily integrated into
large breeding programs. In Japan, almost 10%
of the total acreage of soybean is from gamma
ray-induced mutants (Nakagawa 2009). Nine of
the commercially available cultivars are ‘indi-
rect’ mutant cultivars (Nakagawa 2009), des-
cended from gamma-irradiated parental lines.
Similarly, in China, over 16.33  106 ha are
planted with soybean varieties derived from
gamma irradiation (Kharkwal and Shu 2009).
India and Thailand also utilize gamma-irradiated
soybeans in their breeding programs. Breeders in
India identiﬁed over 55 gamma-irradiated
mutants with a variety of altered traits, seven of
which were publicly released (D’Souza et al.
2009; Kharkwal and Shu 2009).
While the majority of mutant plants are
identiﬁed and pursued for altered seed properties,
multiple groups have used gamma-irradiated
populations to identify plants with increased
abiotic stress tolerance. Researchers in Thailand
have identiﬁed mutants with increased resistance
to soybean crinkle leaf virus and increased ger-
mination rates in extreme dry or wet climates,
increasing germination rates from 30 to 70% in
the dry season and from 41 to 83% in the wet
season (Srisombun et al. 2009). While the
speciﬁc changes to DNA resulting in flood tol-
erance have not yet been identiﬁed, gene
expression analyses of mutant plants grown in
flooded and control conditions determined that
genes involved in cell wall loosening and pro-
teolysis are not upregulated in the flooded
mutant. Additionally, anaerobic metabolism is
more efﬁcient in flood-tolerant mutants (Komatsu
et al. 2013). All these traits provide interesting
avenues for future research on improving abiotic
stress tolerance in soybean and other legume
species.
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Fast neutron (FN) mutagenesis involves bom-
barding plants with neutrons to induce mutations.
Until recently, these mutations were all assumed
to be large deletions. Genomics studies have
determined that small (<100 base pair) deletions,
genome duplications (both large and small), and
various translocation and genomic
re-arrangements are also induced by FNs (Bolon
et al. 2011; Belﬁeld et al. 2012; Anderson et al.
2014). One of the most notable soybean FN
mutants is FN37, which lacks the ability to regu-
late nodule production and thus forms 10 the
number of nodules of the wild-type parent (Men
et al. 2002). Genetic and physical mapping
determined this mutant contained a 460 Kbp
deletion on molecular linkage group H (chromo-
some 12). A dwarf plant resulting from FN
mutagenesis was identiﬁed by Hwang et al.
(2014). Combining forward genetic screens with
next-generation sequencing, Hwang et al. (2014)
identiﬁed an 803 base pair deletion, including part
of a peroxidase homolog Glyma15g05831, which
likely results in the dwarf phenotype, a beneﬁcial
trait in extreme climates. Similarly,
high-throughput genomics approaches including
CGH arrays, exon capture, and next-generation
sequencing have been used to identify and conﬁrm
changes in the genome likely underlying changes
in plant architecture or seed quality (Bolon et al.
2011, 2014b). The entirety of the data assembled
from this FN population including seeds, pho-
tographs of obvious phenotypic changes, and NIR
data on seed composition has been collected and is
publicly available at www.soybase.org/mutants/.
Here, sresearchers can search by sample name,
genes of interest, trait, images, or phenotypes to
identify a suite of mutants for which they can
request seed for use in their own research projects.
10.3.2 Insertional Mutagenesis
Insertional mutagenesis has also been used to
develop mutant populations. In soybean, indi-
vidual transformation events are both time and
labor intensive. Using transposon and retro-
transposon tagging, a multitude of mutations can
be derived from a single transformation event.
Soybean currently has three transposon tagging
mutant populations developed from three unique
transposon systems (Chap. 12): Ac/Ds, mPING,
and Tnt1. The Ac/Ds transposon system, origi-
nally identiﬁed by Barbara McClintock in maize,
has two major advantages: (1) the preference of
these transposons to insert into exonic regions,
increasing the likelihood of interrupting gene
function and (2) the ability to determine the
location of insertion via PCR, based on the
known sequence of the transposons. This system
has been used to create activation tagging, gene,
and enhancer trap element mutants (Mathieu
et al. 2009). The miniature inverted-repeat
transposable element (mPING), originally iden-
tiﬁed in rice, has a high transposition frequency
in soybean, though transposition may be devel-
opmentally regulated and plants may continue to
experience transposition events, further compli-
cating pheno/genotyping (Hancock et al. 2011).
Unlike the Ac/Ds transposon system which tends
to insert near their original point of origin
(Mathieu et al. 2009), mPING transposes to
unlinked genomic positions, usually within 2.5
Kbp of a gene sequence (Hancock et al. 2011).
Tnt1, a retrotransposon from tobacco, can be
induced to transpose in species (including soy-
bean) through tissue culture (Cui et al. 2013).
Tnt1 mutagenesis requires fewer initial trans-
genic events than the Ac/Ds system, and the
insertions induce stable and heritable changes to
the genome. The data associated with all three
types of insertional mutants have been deposited
at the University of Missouri soybean genome
database available at the following Web page
digbio.missouri.edu/gmgenedb/index.php. These
mutant populations are valuable functional
genomics tools for deciphering gene function in
soybean and other legumes. Recently, an
endogenous CACTA-type transposon Tgm9 has
been identiﬁed and utilized in creating a soybean
mutant population (Chap. 12).
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10.3.3 Chemical Mutagenesis
Chemically mutagenized soybean populations
have been developed from both EMS (ethyl
methanesulfonate) and NMU (N-nitroso-
N methylurea) mutagenesis. EMS and NMU
mutagenesis induce single nucleotide polymor-
phisms (SNPs) either A to T or G to C transi-
tions. Such mutants are often utilized in reverse
genetic studies such as TILLING where DNA
from mutagenized plants is screened using pri-
mers developed for a speciﬁc DNA sequence of
interest. The ﬁrst successful use of TILLING in
soybean identiﬁed mutations in the omega-6 fatty
acid desaturase gene FAD2-1A. Further analyses
determined these were missense mutations, one
of which increased the oleic acid content of
seeds, a positive change for soybean seed proﬁles
(Dierking and Bilyeu 2009). Subsequent studies
used TILLING in two novel EMS mutant pop-
ulations identiﬁed plants with mutations in the
GmFAD2-1b genes (Hoshino et al. 2010).
Crossing GmFAD2-1a and GmFAD2-1b mutants
produced soybeans with seed oleic acid content
>80% (compared to*18% of normal soybeans)
(Hoshino et al. 2010).
In addition to the protein and oil compositions
of soybean seeds, improved disease resistance is
an important area of research. The SCN is one of
the most devastating pathogens affecting soybean
production. To identify genes conferring SCN
resistance, researchers performed a TILLING
screen on an EMS mutagenized soybean popu-
lation generated from the SCN resistant cultivar
‘Forrest’ (Liu et al. 2011, 2012). Screening this
population for mutations in the obvious
LRR-RLK gene identiﬁed mutants, but the
mutants did not exhibit altered SCN resistance
(Liu et al. 2011). However, screening the EMS
population for the neighboring serine hydrox-
ymethyltransferase (SHMT) gene identiﬁed two
mutants with missense mutations, one of which
was predicted to be deleterious. Upon SCN
infection, the deleterious mutation correlated
with the loss of SCN resistance phenotype.
Since SHMT is not a canonical resistance gene,
additional genetic analyses were employed to
conﬁrm its role in SCN resistance. The SHMT
gene is involved in the one-carbon metabolism
pathway and is conserved across species, making
it a unique resistance mechanism.
10.4 Reverse Genetic Resources
for Soybean Improvement
Reverse genetic studies start with a gene
sequence of interest whose function is investi-
gated utilizing various genetic and genomics
tools. In this section, we discuss RNA-silencing
techniques that can be used to downregulate or
silence the expression of soybean genes. There
are several RNA-silencing-based technologies
that use double-stranded RNAs (dsRNAs),
inverted-repeat RNAs (irRNAs), or miRNAs to
knock down the expression of plant genes.
DsRNAs are delivered using viral vectors or
transgenes, while irRNAs and miRNAs are
delivered using transgenes. RNA-silencing-based
approaches are not equivalent to null mutations,
because it is probable that some of the target
gene product(s) is still produced, and there is
variability in the extent to which RNA silencing
occurs between lines.
Plant RNA-silencing systems can be manip-
ulated, so that plants speciﬁcally shut down
expression of their own genes. RNA-silencing
technologies enable researchers to induce
loss-of-function of the targeted gene(s) of inter-
est. This is possible because RNA-silencing
systems are programmed by small RNAs that
are produced from dsRNA precursors. DsRNAs
can be introduced into plant cells in the form of
recombinant viruses that replicate through
double-stranded RNA intermediates, form sec-
ondary structures, or by expression of irRNAs
and precursors of miRNAs. Double-stranded
viral RNA and irRNAs are cleaved by
Dicer-like (DCL) enzymes into siRNAs ranging
from 21 to 24 nucleotides in length, depending
on the DCL that did the processing. The siRNAs
are then bound by argonaute (AGO) proteins,
and the RNA-induced silencing complex (RISC)
is formed. The siRNAs program AGO to
speciﬁcally cleave complementary RNA
sequences present in the cell. Therefore, if a
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siRNA is complementary to a sequence within a
plant mRNA, that mRNA will be targeted for
degradation, and the expression of that gene will
be reduced or possibly abolished. In short,
recombinant viruses or inverted-repeat RNAs
program RISC to target plant mRNAs by
inducing the accumulation of pools of overlap-
ping siRNAs that are complementary to plant
mRNAs, resulting in decreased expression of
target genes. Gene-silencing strategies that utilize
miRNAs also exploit DCL and AGO to process
the microRNA precursor, but they result in the
production of single, speciﬁc miRNAs or the
production of phasiRNAs that can act in trans on
complementary mRNA targets (Schwab et al.
2006; Felippes et al. 2012; Carbonell et al. 2014,
2015).
10.4.1 Virus-Induced Gene Silencing
(VIGS)
VIGS is a transient method for reducing the
expression of targeted plant genes to create
loss-of-function phenotypes (Becker 2013).
VIGS relies on the development of infectious
clones of viruses that are suitable for
gene-silencing applications. The ideal VIGS virus
possesses a relatively weak suppressor of RNA
silencing, and its genome tolerates and stably
maintains foreign inserts over the infection time
course in experimental plants. For VIGS appli-
cations, the viral genome is modiﬁed to contain a
cloning site that enables the insertion of fragments
of plant genes to be silenced. The recombinant
viruses are inoculated into plants using tech-
niques such as biolistics, rub-inoculation, or
Agrobacterium inﬁltration. As the recombinant
virus spreads systemically throughout the plant, it
carries the fragment of the plant gene, which
programs the RNA-silencing system to degrade
mRNAs that contain complementary sequences.
While silencing may persist through the life of the
plant or even into the next generation, the tech-
nique is considered transient, because the viruses
do not insert into the plant genome.
Infectious clones of ﬁve viruses have been
used for VIGS in soybean with varying degrees
of efﬁcacy, and they have been reviewed in detail
elsewhere (Whitham et al. 2015). Bean pod
mottle virus (BPMV) has been used extensively
by us and others for VIGS applications, and
detailed methods on two different BPMV sys-
tems are available (Kachroo and Ghabrial 2012;
Zhang et al. 2013). The main difference between
the two BPMV systems is how the initial
inoculum is generated—one uses in vitro tran-
scription to produce infectious RNA transcripts
that are rubbed onto soybean plants (Kachroo
and Ghabrial 2012), and the other uses biolistics
or rub-inoculation to directly inoculate plants
with plasmid DNA carrying the infectious clones
(Zhang et al. 2013; Whitham et al. 2016a). After
inoculation, BPMV produced from the two sys-
tems moves systemically and induces gene
silencing to similar extents.
BPMV is a bipartite virus that has two com-
ponents to its genome, RNA1 and RNA2. Both
RNAs contain 5′ and 3′ untranslated regions that
flank single, large open reading frames encoding
polyproteins that are processed into the individ-
ual mature proteins by protease functions enco-
ded by RNA1. RNA1 also encodes replication
functions, and the shorter RNA2 encodes the
movement and capsid functions. Because the
essential viral functionalities are distributed
between the two RNAs, they are both necessary
for systemic infection. RNA2 is about 2.3 Kbp
shorter than RNA1, and therefore, it is RNA2
that has been engineered to accept foreign inserts
(Zhang and Ghabrial 2006). The original cloning
sites were placed within the open reading frame
of RNA2 between the movement protein and the
large subunit of the capsid protein (Zhang and
Ghabrial 2006; Zhang et al. 2009, 2010). This
position requires that any inserted sequence
maintains the viral open reading frame, and it has
been shown to have great utility for VIGS and for
expression of proteins as well. A second position
for the cloning site is immediately after the stop
codon in the open reading frame of RNA2
(Zhang et al. 2010). This position can only be
used for VIGS, and it offers more flexibility in
the choice of target sequences and insert orien-
tations because the viral reading frame does not
have to be conserved. Using this cloning
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position, we have found that gene fragments
cloned in the anti-sense orientation are most
effective at silencing the target genes (Zhang
et al. 2010; Juvale et al. 2012). More recently, a
third cloning site in the 5′ untranslated of RNA2
was proposed for the insertion of host gene
fragments for VIGS (Ali et al. 2014). Similar to
the 3′ untranslated region, fragments inserted into
the 5′ untranslated region are also not constrained
by presence of stop codons.
BPMV VIGS is used in focused,
hypothesis-driven studies to investigate functions
of one or a few genes and in large-scale screens
of candidate genes identiﬁed through approaches
such as transcriptome proﬁling or proteomics
(Pandey et al. 2011; Zhang et al. 2012; Cooper
et al. 2013). The large-scale screening capability
is made possible by the transient and rapid nature
of VIGS. Recombinant BPMV clones carrying
fragments of plant genes approximately 200–300
base pairs in length are simple to assemble
(Whitham et al. 2016a). Systemic virus infections
occur within two to three weeks after inoculation,
and at this time, silencing of the target gene is
established in the symptomatic tissues (Zhang
et al. 2010). Because the initial inoculation pro-
cedures are somewhat laborious and relatively
expensive, we typically store the infected tissue
from bombarded plants and use the infected leaf
sap as inoculum for the actual experiments that
involve many plants, which are rub-inoculated
(Zhang et al. 2013; Whitham et al. 2016a).
Inserts in the 200–300 base pair size range are
relatively stable in BPMV, and so, it is possible
to passage the virus once without high concern
for them being deleted. However, it is prudent to
conﬁrm this. Regardless of the inoculation
strategy, it is possible to generate information on
the functions of genes within about two months
using the BPMV VIGS system.
The BPMV system has been mainly applied to
studying traits involved in interactions with bio-
tic and abiotic stresses (Atwood et al. 2014; Liu
et al. 2015). VIGS candidate genes used in these
studies have been identiﬁed based on a number
sources including transcriptome proﬁling, pro-
teomics, homologs from model systems like
Arabidopsis thaliana, and genetic mapping.
There has been a lot of success with identifying
genes that affect soybean interactions with foliar
pathogens such as soybean rust, downy mildew,
Soybean mosaic virus, and Pseudomonas syr-
ingae pv. glycinea (Liu et al. 2015; Whitham
et al. 2016b). In addition, the BPMV system can
be used to silence genes in the roots (Juvale et al.
2012), and protocols have been developed that
enable identiﬁcation of genes involved in soy-
bean–SCN interactions (Liu et al. 2012; Kandoth
et al. 2013). With regard to abiotic stresses, the
BPMV system has been used to assess functions
of genes in iron-deﬁciency chlorosis and salt
stress (Rao et al. 2013; Atwood et al. 2014).
The ability of BPMV to induce silencing in a
variety of tissues over the course of plant
development (Juvale et al. 2012) suggests it will
be useful for a variety of traits besides interac-
tions with the environment. The current bias that
exists in the literature is likely due to the research
interests of the groups who have developed the
systems and their collaborators. BPMV has been
shown to silence target genes in leaves, roots,
petioles, stems, and flowers. However, more
work is needed to investigate extent to which
VIGS may be transmitted to the seed. Seed
transmission of VIGS in soybean has been
demonstrated for the Apple latent spherical virus
(ALSV) vector in the soybean cultivar ‘Enrei’
(Yamagishi and Yoshikawa 2009). ALSV has
been shown to be useful for identifying genes
involved in developmental traits in soybean
(Takahashi et al. 2013) as well as both defensive
and developmental traits in other plant species
(Li and Yoshikawa 2015). Detailed methods in
the use of ALSV for VIGS in soybean have been
published (Yamagishi and Yoshikawa 2013).
10.4.2 IrRNA
DsRNA can be produced in plant cells via
transgenes that are designed to express inverted
repeats of fragments of target genes. The inverted
repeats may be separated by spacers or introns. In
the case of spacers, the transcript forms a
double-stranded stem with a loop, which is a
structure known as a hairpin. A detailed analysis
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has been conducted of silencing of the soybean
FAD3 homologs, GmFAD3A, GmFAD3B, and
GmFAD3C, which share 100, 96.5, and 84.3%
identity, respectively, with a 318 base pair hair-
pin RNA construct (Lu et al. 2015). GmFAD3A
and GmFAD3B mRNAs were silenced very
effectively, but GmFAD3C mRNA was silenced
to a lesser extent. The reduced level of
GmFAD3C mRNA silencing correlated with the
observation that GmFAD3C shared perfect
complementarity with relatively few of the siR-
NAs produced by the hairpin transgene, and this
in turn led to inefﬁcient cleavage of the mRNA.
These data highlight the challenges and limita-
tions of using RNA-silencing approaches to tar-
get gene family members in soybean.
In a true functional genomics application of
silencing using inverted-repeat transgenes, Dan-
zer et al. (2015) silenced 53 soybean transcrip-
tion factors that were selected based on detailed
transcriptome analyses of soybean seed devel-
opment. Transgenic soybean lines were made to
express an irRNAs targeting a 150–200 base pair
fragment in each transcription factor gene. The
RNA-silencing lines were screened for defects in
seed development and vegetative growth, and
mutant phenotypes were observed for silencing
of three of the transcription factors. The func-
tions of one of the transcription factors,
SPEECHLESS (Glyma04g41710), were investi-
gated in depth. The RNA-silencing construct
designed against Glyma04g41710 was effective
at silencing it and the other three paralogs that
shared 98, 85, and 83% nucleotide identity.
Unlike the case with FAD3, mRNA transcripts of
all the SPEECHLESS paralogs were silenced to
similar levels. The mutant phenotype correlated
with decreased mRNA transcript accumulation,
and it was similar to Arabidopsis speechless
mutants based on defects in stomata develop-
ment. The availability of Arabidopsis speechless
mutants made it possible to perform a transgene
complementation study that conﬁrmed that the
soybean SPEECHLESS homolog in question was
indeed a functional ortholog. This study illus-
trates the power of utilizing resources, like Ara-
bidopsis mutants, for determining the functions
of soybean genes, which can be coupled with
gene expression and RNA-silencing studies.
10.4.3 Applications for MiRNA
in Soybean Functional
Genomics
MiRNAs are small RNAs like the siRNAs, but
their biogenesis within the cell occurs via a dis-
tinct pathway with processing mediated by
DCL1. MiRNAs direct AGO1 to cleave mRNA
transcripts containing complementary sequences.
MiRNAs can be artiﬁcially designed to speciﬁ-
cally target plant genes by exchanging the
sequence of a natural miRNA with an artiﬁcial
one (Schwab et al. 2006). Expression of the
artiﬁcial miRNA precursor can be placed under
control of any desired promoter. In soybean,
artiﬁcial miRNAs have been expressed under the
control of the constitutive polyubiquitin promoter
(Gmubi) and the soybean 7S globulin promoter,
which drives seed-speciﬁc expression. Melito
et al. (2010) used artiﬁcial miRNAs in hairy root
assays to demonstrate that a leucine-rich repeat
receptor kinase was not a candidate for the SCN
resistance gene, Rhg1. Artiﬁcial miRNAs have
also been expressed in a seed-speciﬁc manner in
stably transformed plants to investigate the
effects of 7S globulin proteins on seed nitrogen
sources and total protein content (Yamada et al.
2014). The ‘P-SAMS amiRNA Designer’ is a
web-based tool that can be used to design arti-
ﬁcial miRNAs with novel targets for soybean and
other plant species (Carbonell et al. 2014, 2015).
MiRNAs of the 22 nucleotide size class can
also be used to trigger the accumulation of siR-
NAs that are loaded onto AGO proteins and
subsequently silence expression of a target gene
(s). These siRNAs are known as phasiRNAs, and
if they are demonstrated to direct cleavage of a
target RNA in trans, then they are called
trans-acting siRNAs (tasiRNAs). In an approach
that has been referred to as miRNA-induced gene
silencing (MIGS) (Felippes et al. 2012), the 22
nucleotide miRNA target sequence is placed
upstream of a fragment of a target gene, which
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results in the production of synthetic tasiRNAs
(syn-tasiRNAs) that direct silencing of the target
gene. In soybean, this approach has been
demonstrated to silence genes in both hairy roots
and transgenic plants (Jacobs et al. 2016). An
advantage of MIGS over inverted repeats is that
it is easier to construct the clones, because only a
single copy of the target fragment in a single
orientation is required. However, it is necessary
to ﬁrst identify a miRNA that initiates production
of tasiRNAs in the appropriate tissues or cell
types under the desired conditions or co-express
a miRNA that is known to induce tasiRNA bio-
genesis. The P-SAMS syn-tasiRNA Designer
Wizard is a web-based tool that can be used to
design syn-tasiRNAs for soybean and other plant
species (Carbonell et al. 2014).
10.5 Bridging
the Genotype-to-Phenotype
Gap—Rapidly Developing
Areas that Will Accelerate
Discovery of Soybean Gene
Function
10.5.1 Using Next-Generation
Sequencing
to Characterize Complex
Traits
A high-quality reference genome has enabled
researchers to begin to examine complex traits,
such as yield, domestication, and drought toler-
ance. Re-sequencing data from different soybean
accessions can be assembled to the existing
Williams 82 reference genome. In 2010, Kim
et al. (2010b) assembled re-sequencing data from
undomesticated soybean (G. soja) to the refer-
ence. This identiﬁed 712 genes that were par-
tially or completely lost in G. max, likely during
the process of domestication. Lam et al. (2010)
re-sequenced 17 wild and 14 cultivated soybean
genomes revealing the phylogenetic relationships
between lines, identifying linkage disequilibrium
blocks and generating over 200,000 SNPs that
could be used for mapping and association
studies. Li et al. (2013) leveraged the Lam et al.
(2010) re-sequencing data with additional
re-sequencing data from 25 diverse soybean
accessions. The 50 Chinese lines represented
wild soybean, land races, and elite cultivars
allowing the researchers to differentiate between
candidate genes associated with soybean
domestication and improvement. Xu et al. (2013)
used genome re-sequencing approaches to gen-
erate and validate SNPs that were used for QTL
mapping of root-knot nematode resistance. Their
approach identiﬁed two candidate genes respon-
sible for resistance. Chung et al. (2014) used
re-sequencing data of ten cultivated and six wild
Korean accessions to identify 206 candidate
domestication regions with lower diversity than
observed within the wild accessions. Some of
these regions contained genes with homology to
known domestication genes identiﬁed in other
plant species, while others appear to be novel in
soybean. In 2015, Zhou et al. (2015)
re-sequenced 302 wild and cultivated accessions
allowing the identiﬁcation of selective sweeps
and copy number variants between genomes. In
addition, genome-wide association studies were
used to identify genomic regions associated with
oil content, plant height, and pubescence. Bolon
et al. (2014a) used genome re-sequencing to
characterize FN radiation mutants.
Rapid decreases in the cost of next-generation
sequencing have also facilitated the adoption of
de novo sequencing strategies for soybean. In
2014, Li et al. (2014b) used next-generation
sequencing of seven phylogenetically and geo-
graphically distinct G. soja accessions to char-
acterize the G. soja pan genome. Eighty percent
of the pan genome was present in all seven gen-
omes, representing the core G. soja genome.
Twenty percent of the pan genome was consid-
ered dispensable, with dispensable genes showing
greater levels of sequence diversity. Core genes
were enriched for biological processes including
growth and reproduction. Qi et al. (2014) com-
bined de novo assembly of a wild soybean
accession with re-sequencing of a recombinant
inbred population to identify the GmCHX1 salt
tolerance gene. Collectively, these studies
demonstrate the ability that researchers now have
to target complex traits for soybean improvement.
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Genes identiﬁed using next-generation sequenc-
ing base approaches are key targets for charac-
terization using cutting-edge functional genomics
tools.
10.5.2 Epigenetics
Soybean epigenetic studies are an exciting area
of future research, adding another level to the
potential variation resulting in phenotypic chan-
ges. It is well recognized that soybean underwent
a genetic bottleneck, severely limiting genetic
diversity. Methylation studies in soybean, and
other species, have shown a large number of
allelic variants are silenced by methylation, thus
altering methylation patterns may be a mecha-
nism to generate phenotypic diversity (Schmitz
2014). As the majority of epialleles complied
with Mendelian inheritance, methylQTLs can be
identiﬁed for >90% of DMRs (Schmitz et al.
2013). Identifying methylQTLs and the causal
epialleles may be a major challenge in soybean
genetic studies. Epialleles induced by environ-
mental conditions are a huge area of interest as
understanding and identifying these may aide in
understanding local adaptation and developing
soybeans for extreme climates and climate
changes. Finally, generating speciﬁc epialleles to
test epiQTLs, induce desirable phenotypes, or
regulate gene expression in response to stress, all
without changing the underlying DNA sequence,
has the potential to revolutionize soybean
breeding and functional genomics studies.
10.5.3 Genome Editing
Precise genome editing involves the use of tech-
nologies that enable researchers to speciﬁcally alter
the genetic code in a heritable manner without
requiring a transgene or even making a transgenic
plant (Luo et al. 2015). This sets genome editing
apart from the RNA-silencing approaches dis-
cussed earlier and from standard methods used to
overexpress genes in plants. Genome editing is
made possible through the development of
site-directed nucleases that can speciﬁcally recog-
nize a DNA sequence and cleave it (Baltes and
Voytas 2015). Meganucleases, zinc ﬁnger nucle-
ases (ZFNs), and transcription activator-like effec-
tor nucleases (TALENs) provide site selectivity by
protein–DNA interactions. Clustered regularly
interspaced short palindromic repeats/Cas9
(CRISPR/Cas9) systems confer site speciﬁcity by
complementarity between guide RNA and the
DNA target site. The ZFNs and TALENs are
modular synthetic proteins that fuse the DNA
recognition domain with the FokI restriction
enzyme, which functions as a dimer. Therefore,
ZFNs and TALENs are designed in such a way that
it is necessary to express two proteins that have their
recognition sites flanking the cleavage site. These
nucleases only cleave when both recognition sites
are bound and the FokI enzyme is able to dimerize
and cleave DNA, which ensures speciﬁcity. In the
CRISPR/Cas9 system, the guide RNAmediates the
target site recognition and DNA cleaved by nucle-
ase activity of the Cas9 protein. Therefore, the
CRISPR/Cas9 system is simpler and very easy to
program by simply supplying different guide
RNAs. Xie et al. (2014) estimated than more than
90%of the soybean transcriptome could be targeted
using the CRISPR/Cas9 system.
Cleavage of the DNA target by these nucleases
results in a double-strand break that can be repaired
by one of two pathways, non-homologous end
joining (NHEJ) and homologous recombination
(HR) (Baltes and Voytas 2015). NHEJ results in
insertions, deletions, and point mutations due to
imperfect repair of the double-strand break site.
NHEJ, therefore, results in targeted mutagenesis,
which is useful for making loss-of-function alleles
that are valuable in functional genomics studies.
HR involves the double-strand break plus a donor
DNAmolecule that carries the sequence to insert or
modify. The donor DNA is flanked by sequence
that is identical to either side of the double-strand
break enabling it to be inserted through HR. HR is
valuable for crop bioengineering, because it allows
for the precise replacement of sequences with the
desired ones. However, accomplishing HR is more
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technically challenging, because both the site-
directed nuclease and the donor template must be
introduced into the plant to create the speciﬁc edit.
The ZFN, TALEN, and CRISPR/Cas9 sys-
tems have been used for mutagenesis via NHEJ
in soybean (Curtin et al. 2011, 2013; Haun et al.
2014; Jacobs et al. 2015; Sun et al. 2015), and
the CRISPR/Cas9 system was used to mediate
allele replacement via HR (Li et al. 2015).
A general approach is to design the site-directed
nuclease and then test its ability to induce
mutations at the target locus or loci in hairy roots.
Constructs that induce mutations efﬁciently are
then used in soybean transformation. The hairy
root step eliminates unproductive site-directed
nuclease constructs and saves signiﬁcant time
and resources needed to produce transgenic
soybean lines. Mutations in a variety of loci
including transgenes and endogenous genes
encoding proteins and non-coding RNAs have
been reported. The resulting mutations are most
frequently small deletions; however, SNPs and
insertions occur at signiﬁcantly lower frequen-
cies. Mutations can occur in a single allele or in
both alleles of a gene. Bi-allelic mutations are
advantageous because they allow mutant phe-
notypes to be observed in hairy roots or directly
in primary transgenic plants (Jacobs et al. 2015).
Even if mutations are heterozygous, it is possible
to obtain homozygous, null segregant (lacking
the site-directed nuclease transgene) mutants
after only a single generation (Haun et al. 2014).
Duplication of the soybean genome compli-
cates functional analysis of genes because a
majority of genes have homoeologs that are
nearly identical in nucleic acid sequence. The
site-directed nucleases offer the ability to create
mutations in one or more genes simultaneously
(Curtin et al. 2011; Haun et al. 2014; Jacobs et al.
2015; Sun et al. 2015). In regenerated plants, the
resulting mutations can be combined or separated
via segregation, enabling the effects of the genes
to be studied in isolation or combination. Curtin
et al. (2011) used a single ZFN pair to create
mutations in soybean DCL4 paralogs (DCL4a
and DCL4b), although only the dcl4b mutant
produced viable progeny that segregated for the
mutation. A single TALEN pair was used by
Haun et al. (2014) to target the two fatty acid
desaturase 2 genes (FAD2-1A and FAD2-1B).
Four plants in their study carried mutations in
both genes, and they were shown to segregate in
the progeny of the original transgenic parent. The
CRISPR/Cas9 system was also shown to induce
mutations in paralogs by using different guide
RNAs separately or in combination (Jacobs et al.
2015). Alternatively, the CRISPR/Cas9 system
can tolerate mismatches between the guide RNA
and its target, so it is also possible to obtain
mutations in paralogs through off target activity
(Sun et al. 2015). Finally, the site-directed
nucleases result in a spectrum of mutations,
which opens the possibility for generating allelic
series in genes that could be very useful for
understanding their functions (Haun et al. 2014).
10.6 Conclusions
Soybean has become an attractive model system
for crops in which it is feasible to conduct
functional genomics geared toward understand-
ing plant biology, evolution, and domestication.
Functional genomics tools and resources are ever
expanding, and new technologies are rapidly
adopted by the research community to accelerate
discoveries related to the function and regulation
of soybean genes. A variety of datasets such as
mRNA transcript abundance, protein abundance,
short RNA populations, and methylation status
provide unprecedented insight into gene regula-
tion during developmental programs and
responses to the environment. The datasets cou-
pled with sequences of genetically diverse
germplasm, expanding mutant collections,
RNA-silencing approaches, and precise genome
editing provide a fertile ground for generating
and testing hypotheses designed to bridge the
genotype-to-phenotype gap.
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